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Foreword 

Under BuAer contract No(as) 56-U95-C, the Research Division, Curtiss-Wright 
Corporation conducted analytical, design, and development work on a transpiration 
air cooled turbine rotor blade concept. The following work statement is quoted, in 
part, from the Contract under the heading of Articles or Services; 

"Item I* Conduct a design and test study for the purpose of de« 
termining the feasibility of increasing the permissible turbine 
inlet temperature of a J-65-W-6 turbo-jet engine by the use of 
transpiration air cooled turbine rotor blades," 

(Under this Item, reference is made to the Statement of Work as put ferth in C,W,R, 
letter dated 10/5/55 which proposed a program to derive data between 3i>6Q0F and 
18000F turbine inlet temperature operation.) 

This report is submitted in fulfillment of the requirement to summariae 
the work conducted on Item I, above, which culminated in the design, fabrication, 
and full-scale engine testing of a transpiration air cooled rotor stage in a J-6f> 
engine. 

f 
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Object 

To establish the feasibility of increasing the operating temperature 
of aircraft turbine engines by the use of a transpiration air cooled turhin» 
rotor assembly. 
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Stumnary 

The design, fabrication, and full-scale engine test program to estab- 
lish the feasibility of increasing the turbine inlet temperature of jet engines, 
through the use of a transpiration air-cooled rotor stage, was successfully com- 
pleted. Testing was performed on a modified J65 engine using a variable area 
exhaust "nozzle to match the compressor to the turbine for the elevated tempera- 
ture operation. The maximum condition tested was at an average turbine inlet 
temperature of ISU^0? with an increase in cooling air flow over the standard 
uncooled (löUO0?) configuration of approximately 2/S, While this percentage 
was more than required by the cooled blade assembly, it was the minimum flow 
from a controllability standpoint. The test data clearly indicates this per- 
centage of coolant would be sufficient for turbine inlet temperatures up to 
approximately 21000F, While the program required investigation only between 
l560oF and 18000F turbine inlet temperature, 2 hours and 20 minutes of testing 
-.jas conducted between IßOO0? and 18U50F to demonstrate the structural durability 
of the design, to collect additional data relevant to blade metal temperatures, 
and to determine engine performance characteristics. The 181450F turbine inlet 
temperature was not exceeded because it was felt this was the approximate max- 
imum temperature to which the other components in the test vehicle could be 
expected to perform without failure. 

The engine performance data derived from this program indicates that 
by the increase in turbine inlet temperature afforded through the use of trans- 
piration air-cooled blades substantial increases in engine thrust are obtainable, 
and that any degradation in turbine performance is negligible. Temperature meas- 
urements taken at the 18^°^ operating points indicated the following: (l) skin 
temperature of the blade trailing edge did not exceed ll8U0F; and (2) the tem- 
perature of the structural strut, taken at the root area, did not exceed TUO0?. 
Inspection of the condition of the blades after the engine test clearly indicated 
the feasibility of the concept was successfully established. Except for some 
additional development required in one or two minor problem areas, achievement 
of ultra-high turbine inlet temperatures through the use of transpiration alp 
cooled blades appears entirely within the realm of possibility. 

Prior to initiation of the test phase of the program, a review was 
made of the porous materials available, or under development, which indicated 
that the inherent weakness of the porous material would necessitate a unique blade 
design to withstand the stringent temperature and stress requirements of a turbine 
rotor blade. Preliminary design studies showed that a strut-supported blade 
would be the most practical. The design finally selected was a brazed assembly in 
which a porous airfoil skin forms the main gas passage, a sheet metal shelf sepa- 
rates the cooling flow from the main gas stream as well as metering it to the 
blade, and an internal strut which forms the main structural element, carries the 
airfoil and shelf, as well as provides the root attachment. The material used 
for the porous airfoil was a constant permeability woven wire cloth which was 

Mt,.u. 
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sintered and cold worked to give the required strength and porosity character- 
istics.    It was not considered practical, for this feasibility program, to 
resort to a variable permeability airfoil material.    However, by judicious 
design in metering of the coolant flow to the blade passages, and also in 
the design of the passages per se, some degree of effective variable permea- 
bility was achieved.    The blade was made mechanically and aerodynandcally 
interchangeable with the first stage turbine rotor blade of the J65 test 
vehicle.    Coolant air to the rotor blade assembly was provided by internally 
routing a portion of the compressor discharge flow through a series of ori- 
fices, a rotating seal, and then through a simple iitrpeller attached to the 
rotor disc which fed the air radially to the blades. 

Fabrication of the transpiration air cooled turbine blades requlrod 
extensive development in the following areas:    (l) control of porosity and 
dimensional characteristics of the porous tube from which the airfoil was 
made|    (2) stretch-forming of the porous metal tube into an airfoil, shapej 
(3) development of a brazing technique to bond the porous airfoil to tho strutj 
and {h) development of a satisfactory method of inspecting the brazed joint» 
It is considered significant that solutions to the above problem areas were 
satisfactorily developed within the scope of this feasibility progran,   Th© 
process was sufficiently developed so that blade assemblies were made fToJl 
combinations of the following materials:   Airfoil - N-l$5 porous material and 
H,S,-25 porous material;   Struts - H.S.-31 and Inconel 7135   Shelves - H,S#-25 
sheet alloy»    In addition, the blade fabrication process appears practical 
and adaptable to low cost mass production techniques without the utilisation 
of specialized tooling.    Inasmuch as the program was to establish tl^e feasi- 
bility of the concept, only two sets (220 blades total) of transpiration cooled 
rotor blades were fabricated.    In the first set, the blades consisted of 
H,S,-31 struts, H,S.-25 shelves, and airfoil skins made either from N-l$5 or 
H,S,-2i> porous material.   The second set consisted of struts made from 
Inconel 713C alloy with the airfoil skin.and shelf material the same as in 
the first set. 
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Conclusions 

1,   Th9 fe&sibility of achieving higher turbine inlet temperatures and increasing 
engine performance by the use of transpiration air cooled blades hsa been 
established« 

2«   Compropiises in the basic aerodynamic or mechanical design of the turbine ar« 
not necessary for the type of transpiration cooled blades developed herein« 

3«   This transpiration air cooled turbine rotor blade can be fabricated by low 
cost, roass production techniques. 

U«   Significant advances have been made in brazing of the porous material, but 
the brassing cycle is critical and requires additional research to broaden its 
time-temperature relationship. 

y^Ui^r^itS 
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Re commendations 

1, Conduct further research and development of the unique transpiration alp 
cooled turbine blade concepts developed herein to extend the operating tur« 
bine inlet temperature of turbine engines to 25000F, and above, 

2, Conduct analytical studies to determine the optimum utilization of gas 
turbine power plants incorporating the increase in operating gas tempera- 
tures afforded by the use of transpiration cooled turbine concept. 

33«!™»- .i mjmuwwuj 'juifrg^n—w wmmimm^r^r^^mmiigt^tam vmiHHmmmammmm*nm mi ■•un »«** 
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I. DESIGN 

Reported by:   TTK ^Znyv^Aj-rf 
N, Lauziere     ^ 

A 
A, Transpiration Cooled Turbine Rotor Elade 

1, Heat Transfer Design Procedure 

2, Heat Transfer Final Design 

3, Structural Design 

B, Engine Studies 

1# Combustion Chamber 

2, Turbine ELades 

3» Rotor Assembly 

U, Variable Area Exhaust Nozzle 

5. Air Filter Study 
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I,    Design 

A.   Transpiration Cooled Turbine Rotor Blade 

1,   Heat Transfer Design Procedure 

The work on the transpirational cooled turbine rotor blade program 
began with the heat transfer analysis which was required in order to determine 
the permeability and coolant flow requirements for operation up to 20000F tur- 
bine inlet temperatures.    Basically, the problem here was to calculate the 
airfoil skin temperature distribution of the rotor blade with a permeability 
coefficient-to-thickness ratio (K/6) distribution specified.    In addition, the 
metering orifices at the base of each cooling air passage, required to obtain 
the cooling airflow distribution to the skin, was determined.   The design 
procedure used for this analysis is developed in Reference 1, 

Previous theoretical analysis and experiemental investigations indi- 
cate that transpiration cooling of gas turbine blades is very effective.   The 
local cooling airflow theoretically required for a constant blade wall tempera- 
ture is described below. 

To obtain an ideal cooling airflow distribution, it is necessary 
to fabricate a. Made shell of variable spanwise and chordwise permeability. 
With present state of development of permeable materials, this is practically 
impossible.   Moreover, even if obtainable, the required spanwise variation 
in permeability would give a blade which would be undesirable from stress con- 
siderations.   The problem then becomes one of determining the blade surface 
temperature distributions for a particular air pressure at the base of the 
blade, and for a shell permeability coefficient-to-thickness ratio (K/t) which 
is specified throughout the blade, to obtain a reasonable blade surface tem- 
perature distribution.    Orifices may be installed at the base of the blade at 
the entrance to each cooling-air passage to vary the cooling-air pressure of 
each passage.    The method of calculation which was utilized in this design 
is based on the following assumptions: 

1,   The film coefficient of heat transfer from gas to blade is 
constant throughout the blade surface. 

2»   The effective gas temperature is constant, and the gas tempera- 
ture distribution is known. 

3,   The cooling passage is radial, and only centrifugal pressure 
effects are considered in the balance of forces acting on ti» 
control area in the calculation of the pressure distribution 
of the cooling air in a passage. 

CO» fK'VM -9- 
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U.   The overall temperature of the cooling air inside the passage is 
assumed, and the spanvase variation of cooling-air temperature 
is linear from root to tip. 

The method requires a knowledge of the following: 

1, Complete geometry of the blade, both skin and cooling passages» 

2, Gas velocity and gas pressure distribution around the blade 
surface* 

3»   Variation of permeability coefficient-to-thickness ratio//C/tJ 
around the blade skin, 

U*   Pressure and temperature of the cooling air. 

5#   The angular velocity of the turbine blades. 

The method of calculation is as follows: 

The internal pressure distribution of the cooling air in a passage 
is calculated from the following equation: 

^■■^ht^-^H^^ (i) 
Eq. 17, Ref, 6 

This is an exact solution of the differential equation of flow 
through a rotating passage with ejection through a porous wall, using 
assumptions 3 and 1; above.    The error resulting from these assumptions is 
small at low coolant flows.    The pressure, //' r j  is chosen so that it is 
less than P^ but greater than P^tr   and such ihat it remains greater than i^ 
throughout the passage.   This insures coolant flow through the-openings oi 
the porous blade wall throughout the entire blade.   Various values of Pi f 
may be chosen until this condition is satisfied, and also, the optimum ' 
distribution of 7^ can be obtained. 

The blade skin temperature at any spanwise position, Xj is now 
calculated by a trial and error process which at the same time gives the 
local cooling air flowj/ov'.    This procedure is as follows: 

Laminar Gas Flow Region 

A value of Av is assumed.    Based on this value C^ is calculated 
from the known (K/t) at the particular value of X, and the equation giving 
(^  is a function of Tw  and  K/t»   For a wire mesh blade shell the following 
equation is used: 

L3^OM«&*- 
^ . m Hi II      ■■   .-«a \i mumr   ' -•«'•* 
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Ck = 2>.o Soi f^-Vj 
% 

For the value of Cfc fpV may be calculated ftom: 

(2) 
Hef.« 

(3) 

where ft  ■ 5/8 

The coolant velocity, V is now calculated from: 

^ r ^.;^_j (U) 

Using this V , -^ the coolant flow parameter is calculated 
from: 

-i.- Bu+r w (?) 

where;   5u =-^ -^ (6) 

The Eoler number, £u , is determined from the known gas velocity distri- 
bution and blade geometry. The properties for determining the Reynolds 
number, Re ,  are evaluated at the assumed value of 7^ . For this value of 
-/^ , and the ratio of 7}/^  , a value of (I - ft)  is obtained from Fig, ^ 
Ref. 6. This is graphical solution of the flow equation, the heat transfer 
coefficient equation, and the heat balance equation (Ref. U), T^ parameter 
(/-  ^j is defined as: 

t)-^ (7, 

TIv can now be calculated. This must agree with the assumed value or the 
calculation must be repeated until agreement is reached. For the leading 
edge passage, the only modification is that £« - 1 and -f» is calculated 
from: 

0- 

/„-- o.s£s4r)ß< .s 
w u (8) 

-11- 
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Here the characteristic length of the Reynolds mutiber is the leading edge 
diameter. 

Turbulent Flow Region 

A value of Tw   is assumed as before in the laminar region, and C'^ 
is calculated in the same manner.    Now /"v is calculated from equation (3). 
The parameter ^/- <P)  is then calculated froms 

2dL 
o.l 

L   i ^' 

R. 

fa -->] 2AL  _ 
(9) 

Ref. 6 

6- - +  -%o-   -/ 
The assumed value of 7^   is checked as before using equation (7), 

The points of transition from laminar to turbulent flow around the 
blade surfaces are taken as those points where the pressure gradients vanish^ 
in most cases^ these points are points of minimum pressure (Refs, U and 7), 
With the use of this criterion, and the known gas pressure distribution^ it 
can be determined which cooling passages lie in the laminar gas-flow region 
and which passages lie in the turbulent gas^flow region. 

For each spanwise position^ A 5 in a particular passage., a value 
of the local cooling air flowvo/ 9 is obtained for every value of 77v  that 
is checked out by trial and error,   With the spanwls e distribution of Z3 ^ 
for each passage known, the cooling-air flow to the passage«, Wr ^ is found 
by intergrating the following equation between  X * 0 and   )(* L ; 

K--K +f If/ov) Jx (10) 

For a capped blade Wt m 0 
The total cooling air required is equal to the sum of all the Wf terms. 

Orifice Calculation 

Each passage is equipped with an orifice so that the cooling-air 
pressure available5 /a  5 is attenuated to the desired value of /*,   ,    The 
diameter of each orifice is calculated from the following equations? 

For subcrltical pressure drops, fpL y o.szdj 

A = 17 
6     htr(K~Kr} (11) 

-12- 
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For supercritical pressure drops. 6. oSZd) 

*■$ 

(12) 

Ref. 8. 
The orifice coefficient, 5 , is obtained ftom Figure 7, p. Itf, 

There are much more cumbersome equations available in place of 
equation (1) which would eliminate assumption 3. However, its solution| 
combined with the trial and error procedure of finding Tw  , results in « 
tedious calculation that is hardly justifiable, especially since there la 
no way of eliminating assumptions 1 and U. As previously mentioned equation 
(1) gives only a small error at a low coolant flow. 

The rate of heat addition to the coolant on its way through tho 
flow passages is usually not accurately known, and therefore, has to bo 
estimated. In a typical design a linear increase of approximately 200°? 
in cooling air temperature through the blade span is assumed arbitrarily, 
(Ref. 7% 

A list of symbols is given in Appendix I, and references are 
listed in Appendix II. 

The following sketch indicates the coordinate system used in the 
transpiration cooled blade design procedure. 



. • •■'.■ r    ■ 
* ■ ■ 

C.VJ.R. REPORT NO. 300-38 

2. Heat Transfer Final Design 

Design calculations were made at 20000F turbine inlet temperature 
for zero flight speed condition, and for 60^000 ft. altitude, 600 knots speed, 
on a transpiration air cooled strut supported rotor blade design made of a 
constant skin permeability. These calculations were made to determine the 
optimum skin permeability, blade base orifice areas, and to provide an esti- 
mate of the amount of bleed air required to maintain the skin and strut with- 
in the design temperature limits. 

The calculations were made according to the method described in 
Part 1 of this section of the report. 

Turbine airfoil external gas relative velocity distribution and 
static pressure distribution for sea level, zero flight speed conditions, 
shown in Plgure 1, were calculated using the standard, but approximate 
methods. Velocity distribution at flight conditions remains the same aa 
long as inlet gas total temperature and engine speed are unchanged; the 
pressure distribution retains the same shape but is proportionally lowered 
according to the change in inlet gas total pressure. 

Figure 2 shows the general layout of the cooling air passages. 
Passages 1 and 2 were assumed to be in the laminar gas flow region, and 
passages 3j h*  5>> a^d 6 in the turbulent gas flow region. Table II gives 
the blade section geometry, 

A pressure drop of about $% was assumed through the combustion 
chamber for all conditions. The pressure drop through the stator was neg- 
lected for it was felt that this would tend to compensate for that of the 
cooling air from the last compressor stage to the base of the blade, Actu- 
al data at sea level static condition gave an available cooling air pressure 
of 192 in. Hg. Abs, at 5Uo0F« The pressure at the exit of the combustion 
chamber is 182 in. Hg. Abs. At 600 knots and 60,000 ft, altitude condition, 
the available cooling air was calculated to have a pressure of 30,£ in. Hg, 
Abs, and a temperature of Ii560F. Assuming a pressure drop of $%$  the com- 
bustion chamber exit pressure, at this condition, is 29,0 in, H^, Abs, 

The coolant temperature rise in the blade passages was assumed to 
be 2^0°? and lOCPF for the central and end passages,, respectively. These 
assumptions are based on results obtained on previous calculations. The 
coolant temperature rise is greater in the central passages because of the 
smaller mass rate of cooling air in comparison to the end passages. Detail 
calculations indicate that for 2000^ turbine inlet temperature, the optimum 
skin permeability for the sea level condition is K/t   = 8 x KT^1- ft, with 
3.6^ cooling air flow. For the altitude condition, the optimum permeability 
is K/t  " 5 x lO-10 ft, with a cooling air flow rate of U.^, The apparent 
incompatibility between the optimum permeability requirements for the sea 

-»■— ^^wmmmmm 
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level and altitude design condition is caused by great differences In the 
ratio of engine mass flow and pressures between these conditions. The 
engine mass flow at the sea level condition is approximately 12$ lbs/sec, 
]f a blade skin were made with a permeability of K/t  ■ 8 x 10-1 ft, 
(optimum for sea level) at the altitude condition the ratio of pressures 
available to flow the coolant through the skin are reduced, and hence there 
would be insufficient amount of cooling air to cool the skin, this would 
result in excessive skin temperatures. 

When the permeability factor of K/t   m $ x 10"10 ft. (optimum 
for altitude) is used at the sea level condition, the wall temperature 
dropped considerably and the calculations showed the coolant flow increased 
to approximately 10^, If, however, the available cooling air pressure at 
static conditions is reduced, the rate of effusing air can be reduced, and 
still give an acceptable temperature distribution. The permeability calcu- 
lated for flight conditions could then be used at static conditions, AH 
that is required to accomplish this is to accurately control the cooling 
air pressure. The small pressure difference required to give an acceptable 
air flow is such that it approaches the same magnitude as the accuracy to 
which they can be controlled or predicted. The calculations show, however, 
that a value of cooling air pressure at static conditions can also satis- 
factorily operate with the permeability calculated at flight conditions. 
The new cooling air pressure arrived at was 86,1 psia. On this basis new 
orifice diameters were calculated, and Figure 5 shows the wall temperature 
distribution for these conditions. The air bleed comes out to be ^,9S5« 

The new calculated orifice diameters cause the air bleed temper- 
ature to rise somewhat at flight conditioDS, and the skin temperature to 
drop somewhat. Figure 6 gives the new skin temperature distribution for 
the altitude condition with the new orifice diameters. In this case the 
altitude air bleed came out to be $,9%i  the same as the sea level condition. 
However, it is only coincidental in that the air bleed for static and 
flight conditions are the same for the final design values used. 

From the information compiled on Figures $ and 6, it can be seen 
that the skin temperature is nowhere above 16^0^, and greater than löOC^F 
at only two points. These local "hot spots" should not be too detrimental, 
as these temperature gradients will tend to be smaller since conduction in 
the permeable skin materials, not accounted for in the analysis, would 
even out the gradients. 

It also can be seen from Figures 5 and 6 that a decrease In penne- * 
ability from root to tip (constant chordwise) would result in excessive 
temperatures along passages 3 and U» The chordwise temperature distributions 
appear too erratic to derive any benefit from varying the permeability in 
the spanwise direction alone. A variable permeability both chordwise and 
spanwise would be desired, but this is highly impractical from fabrication 
considerations as explained before. 
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Temperature gradients around the skin, due to non-transpiration 
cooled portions (brazed areas) are very small and can be neglected. The 
magnitude, calculated by approximate methods, is around 10oF between any 
transpiration cooled zone, and the brazed zone where braze prevents any 
transpiration cooling. 

Because of two opposing effects5 the higher values of permea- 
bility are required for higher altitude flight conditions and this is 
independent of flight speed. The higher altitude, on the one hand, lowers 
the pressure level which diminishes the driving force for the effusing 
air. The speed increases the pressure, because of the ram effect, but at 
the same time, this increases the cooling air temperature. This would 
tend to nullify the effect of speed completely and hence lead to the ap- 
proximate conclusion that the permeability required increases with altitude 
and is almost independent of speed. Therefore, for any one condition of 
operation, there is some value of available cooling air pressure which 
will give an acceptable coolant flow and skin temperature distribution for 
the permeability which is optimum at the highest altitude. Some device 
which will automatically fix the available cooling air pressure at the 
desired value, at any elevation and speed , could be designed. Such a 
device might be an automatically operated needle valve or variable orifice 
in the coolant supply line. 

The orifice sizes tabulated in Table I show the values of areas 
from the calculated orifice diameters. However, as the orifice calculated 
diameters are a little large for the blade passage geometry, equivalent 
orifices of non-circular cross-section have been designed, these are also 
tabulated in Table I, These orifice areas are a little larger than the 
calculated values due to the fact that the orifices are more of a slot 
than a circle, dictated by blade geometry, which does not have as great 
an effective orifice area. If these orifice areas should prove out to be 
too large during engine testing, restriction to the cooling air flow can 
be added at some downstream point in the cooling air ducting system. 

The corresponding Poroloy designation for a permeability equiva- 
lent to K/t = 8 x lO-H ft. is an air flow of ,00^7 lb/in2-sec, at P*k 
of 20,000 IbVin'. For a K/t  of 5 x 10-10 ft. is an air flow of .018 
lb,/in,2-sec, at *P /T  of 20,000 Tb^/ixP and a thickness of 0.022 in. 

For the test engine, the $,9f> air bleed for the final design is 
somewhat high, and it is believed that this can be reduced when more posi- 
tive information is available ftom actual engine tests. A method to re- 
duce the coolant flow, once experimental data has been obtained to vsxify 
calculated values, is by reducing to cooling air temperature before it 
enters the transpiration cooled blade. If necessary, this could be ac- 
complished by the use of a heat exhanger between the last compressor stage 
and the inlet to the base of the turbine blade. 

£? -16- 
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NACA has conducted investigations for the design of heat exchangers 
to reduce the temperature of the cooling air for turbine blades, using ram- 
air as a cooling medium.    A reduction in temperature as high as U00oF was 
obtained with a heat exchanger weighing around 60 lbs,    (Reference 10),    The 
disadvantage of this type of exchanger is that at static conditions the cool- 
ing effect will be quite small. 

It is felt, however, that there is merit to both of these approaches, 
and some combination of the two will probably be required to give the optimum 
configuration« 

v 
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BLADE COOLING AIR PASSAGE ORIFICES 

Passage Calculated Orifice -in.^ Designed Orifice -in,^ 

1 None .02380 
2 .00705 .0090U 
3 .00783 ,0108? 
U „01X52 ,01626 
5 .00396 .00568 
6 .007li9 .01082 

Table I 

J "ii^lli ■■ ---^■WWptrw*»-«*-^*^! 
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BLADE SECTION GEOI^ETRY 

Dimension Root Section Mid Section Tip Section 
(R=TI.805 in.) (R-13.780 in.) (R-15.125 in.) 

a .2^10 .1830 .1736 
b .1000 .0856 .0720 
c .2850 .281iO .2956 
d .0700 .0700 ,0760 
e .3636 .3850 ,31*00 
r .1000 .0790 .11*30 
g .3300 .2830 .2160 
h .3762 .2780 .2I496 
t ,0690 .0680 c0760 
i .1500 .1582 ,1650 
k .0680 .0625 .0760 
1 .2116 .2181* .2350 
m •0700 .0700 o0720 
n ,2228 .2590 ,2661* 

Root Section (Total Perimeters - Suction l.ii996 in^-Pressur« "M^ in ) 
Outer Inner Passage 

Passage Perimeter (in,) Perimeter (in.) Area (in.2)         y fin.) 
1 •U738 .6U0 .02399           0 
2 .2850 .Skh .00905             .1*935 
3 .3636 .71*7 .01039             .8878 
h .7026     .    . .652 .01553          1.1*996 
$ .1500 .3^2 .00520            .61*71* 
6 .211J6 .1*92 ,00859            .3986 . 

Mid Sec ;tion (Total Perimeters - Suction 1.3696 in,- Pressure 1.111|1 in.) 
1    " .1^20 .5930 .016U*              0 
2 .281iO .51*80 ,00882             .1*106 
3 .3850 .7566 .00770            ,8X51 
u .5610 .5560 o00977          1.3696 
$ .1582 .3390 o0033li            .6890 
6 .218U .1*892 .00700            .1*382 
Tip Section (Total Perimeters - Suction 1,3162 in. - Pressure 

1                 .1*1*00                  ,51*80 ,01030 
2 .2956          .5736 ,00859 
3 .31*00          .7900 - .00638 
U        .1*656         ,1*1*50 ,00601 
5 .1650         ,31*70 ,00522 
6 .2350         ,5120 ,00839 

Table II 

.11*60 In.) 
0 

.3931* 

.7872 
1.3162 

.7319 
•1*559 

1 
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CHORR-JISE VARIATIONS 0?-RELATIVE GAS VELOCITY AND GAS ggSSURg 
Static a Sea Level Conditions 

Velocity Distribution 
Gas Total Temp. - 2000°? 

Pressure Distribution 
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J6^ TRANSPIRATION COPIED 

TURBINE ROTOR BLADE 
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CHCRDWISE VJALL TEIHWATURE DISTRIBUTION 

Static, Sea Level - 3.6^ Air Bleed - K/t^SxlO"11 ft, 
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GHORDJISE WALL TEI-ffERATURE DISTRIBUTION 

600 Knots, 60.000 ft. ^ ko8% Air Bleed - K/t « 5 x 10"10 ft. 
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CHQRmiSE VJALL TEMPERATURE DISTRIBUTION 

Static., Sea Level - 5.9P Air Bleed ~ K/t=5xlO-^0 ft, 
(Cooling Air Pressure Reduced to 86 psia) 
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CHORIHISE WALL TEI-IFERATURE DISTRIBUTION 
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B,    Engine Studies 

1,    Combustion Chamber 

In the studies made of the standard J65> engine to determine what 
areas would have to be modified to operate at a turbine inlet temperature 
of 18000F, indicatea that the materials of the combustion chamber liners 
and the flames tube must be modified.    Investigation of other materials that 
would be suitable lad to the conclusion that Haynes-Stellite 2$ or N-lfJj? 
alloys were quite satisfactory.   As later production models of the J65 
engine incorporated combustion chamber made of Haynes-Stellite 25, it was 
decided to utilize production facilities and use a liner made of Haynes- 
Stellite 25. 

To avoid possible burn-out of the flame tubes the use of newly 
developed flame tubes was included for the transpiration-cooled blade tests 
at elevated temperatures.    These tubes are fabricated of N-155 alloy which 
is aluminum dipped and capable of withstanding rather high temperatures. 

2.    Turbine Blades 

Original stress data on the J65 first and second turbine stator 
indicated that they would not be strong enough with the standard materials 
used.    In order for the first stage stator blades to withstand the stress 
loads at l800oF turbine inlet temperature^ it was found necessary to use 
Haynes-Stellite 31 material which has sufficient strength at the tempera- 
ture to withstand the stress loads.    As an added protection, these blades 
were aluminum dipped to improve thermal shock properties, as indicated in 
recent development tests. 

The design of a convection cooled first-stage turbine stator 
blade was undertaken to provide a stand-by for running at l800oF if the 
previously modified first-stage turbine stator blade gave any indication 
of being too close to critical loading during testing©   For this cooled 
stator blade dasign,  the strut-supported airfoil principle was utilized. 
In the standard first-stage stator blade design the mounting was a simple 
cantilever, pinned and bolted at the outside diameter of the turbine armulus. 
For the convection cooled blade design, the theory of a simply supported 
beam is utilized, thus, greatly reducing the stresses.    Details of the 
blade consist of only two parts to make up the blade assembly.    These parts 
consisted of an airfoil formed from thin-walled seamless tubing, and a cast 
strut incorporating the passages for the cooling air.   Assembly of these 
two parts is accomplished by high temperature furnace brazing. 

t^H^tt^^ -35- 
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Design stresses for this blade at sea level, zero speed, and 
standard conditions did not exceed 20,000 psi which is conservative for 
operations at l800oF turbine inlet temperatures. 

There was no change in the airfoil contour as the original blade 
design was a constant section airfoil with no twist.    This type of blade 
is very readily adaptable to convection or transpiration cooled blade de- 
signs and does not present any design or fabrication problems as aerody- 
namic characteristics are not changed and all tooling is conventional „ 

In the case of the second stage turbine stator blades,  analysis 
indicated that a simple modification to the existing blades would be sat- 
isfactory for l800oF turbine inlet operation,,    This modification consisted 
of converting these blades from single simply supported cantilever beams 
to double simply supported cantilever beams by welding the shrouded ends 
of two blades together at the inner diameter of the turbine annulusc 
This forms a box-type structure which greatly increases the section mod- 
ulus, thereby, drastically reducing the stress on the individual bladc-s. 
With this design it was not necessary to change the blade material. 

Studies conducted on the second-stage turbine rotor blades dis- 
closed that the material these blades were made of could not withstand 
the elevated operating temperatures, and that the fir tree attachment was 
critical.    Investigations also revealed that Inco 700 and 713C materials 
are satisfactory^ with Inco 7132 allowing a greater margin of safety.    How- 
ever, Inco 700 second-stage turbine blades with redesigned fir tree attach- 
ments were in production for later model J65 engines.   As studies of the 
redesigned fir tree were found to satisfy the operating conditions of 
transpirational cooled blade program, it was decided to use the Inco 700 
blades which could be readily procured. 

3,    Rotor Assembly 

Determination of turbine rotor disc temperatures for operation at 
the elevated temperatures required for transpirational cooled blade testing 

tEM^o: ■36- 
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disclosed that the allowable temperatures would be exceeded. Several solu- 
tions existed to overcone this situation such as a redesigned disc, material 
change, increased cooling, etc. It was felt that the simplest solution would 
be to use the increased cooling approach as it appeared to be the simplest 
and most economical. 

The increase in cooling air flows to the discs was accomplised by- 
plugging the aft end of the turbine rotor shaft to permit all the thirteenth 
stage compressor bleed air to go between the first and second stage turbine 
rotor disc faces. Normally this cooling air is metered between the disc 
faces, and the rear face of the second stage turbine rotor disc. Cooling of 
the second stage disc rear face was accomplished by modifying the exhaust 
cone to duct coolirig air to the outer periphery of the disc^and discharging 
perpendicularly for more effective cooling. Figure lli is a schematic of the 
cooling-air ducting in the Jb$ test vehicle« 

As discussed previously the fir tree attachment of the second stage 
turbine rotor blades became a critical area at the elevated operating tempera- 
tures . To remsdj thi. .. turbine rotor disc assembly from a later model J65> 
engine was utilized which incorporated a redesigned fir tree that correlated 
with Inco 700 turbine blades, 

A design change in the turbine rotor disc assembly was made to 
instrument the transpiration cooled first stage turbine rotor blades for 
temperature measurement. This involved putting holes through the two discs 
so that the leads could be carried out for connection to slip rings. The 
stresses in the discs, by putting these holes in, only slightly changed the 
overall stress. Basically the result is that a local higher stress occurs 
but is not detrimental. Another part of the design change was to modify 
the forward face of the first stage rotor disc to adapt the impeller plate 
required to duct the cooling air up the face of the disc and direct the cool- 
ing air radially to the base of the transpirational cooled blades. This 
again involved drilling holes in the first stage disc which created local 
stresses, which did not significently change the overall disc stress. The 
impeller plate itself is self-supporting with the drilled and tapped holes 
acting as positioners only. 

The design of the impeller plate has been based on data obtained 
by NACA and the Research Division on tests conducted on narrow rotating 
passages. It has been found that a tangential component is imposed on the 
cooling air in a narrow rotating passage. To utilize the centrifugal pump- 
ing effect to a greater extent incorporation of radial vanes on the impeller 
plate is considered necessary. 

The outer diameter of the first stage rotor disc also had to be 
modified for adaption of the cooled transpiration turbine rotor blade. As 
discussed in the blade design^the bottom edge of the blade shelf was made 

.^-cl^iA'; j^ip^tvfmM i^^.^^, rJ&\   11 °37* 
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tc be parallel to disc periphery to prevent leakage of blade cooling air. 
In order to obtain a close fit between the blade shelf and the disc it was 
necessary to reduce the existing disc rim diameter to eliminate the angular 
clearance slope above the fir tree, required in the broaching operation, so 
that a relatively flat surface existed for the lips of the blade shelf to 
fit on» As the contact area between the lip of the blade shelf and the 
disc rim is so small the curvature of the disc rim can be considered flat 
(Shelf lip is less than 0,10inch long each side of fir tree). 

il. Variably Area Exhaust Nozzle 

Analysis of the engine to determine the influence of elevated 
turbine inlet temperature on the various operating parameters revealed that 
a fixed area exhaust nozzle to operate at the elevated temperatures x^ould 
cause the compressor to surge in the lower speed range« In order to avoid 
surge of the compressor it was found necessary to start the engine with a 
larger area exhaust nozzle and run the engine speed up to rated speed, or 
the test point to be run5 and then start closing down on the exhaust nozzle 
area,, To accomplish this the use of a variable area nozzle is necessary. 
The standard variable nozzles available would not cover the range of areas 
for both the large and small area requirements0 A variable area nozzle was 
redesigned to meet the requirements of transpiration-cooled turbine blade 
testing» 

5« Air Filter Study 

An anticipated problem in cooling turbine rotor blade airfoils by 
means of a porous skin is that of clogging the pores in the airfoilc The 
dust or dirt which could cause this would be picked up by the main air- 
stream,, and bled off from the compressor into the ducting leading to the 
porous blades. To prevent this, a type of low pressure drop air filter would 
be requirede Several types of filters exist^ but the most promising appears 
to be an electrostatic type from a low pressure drop point of view» However, 
overcoming the problems attendant to the high voltage necessary would prob- 
ably require extensive research and development work» 

Drawings were prepared on maximum space envelopes and other require- 
ment specificationso These drawings were presented to several filter design- 
ing and manufacturing sourceso Little positive response was received from 
the majority of vendors; however, some of these concerns who were familiar 
with this type of work (basically atomic energy filtering problems) were will- 
ing to present development programs and fabricate prototype units. 
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This search of the filter industry soon indicated the practical 
preferences of a non-electrical type of filter. The electrical power required 
to operate an electro-static filter was greater than that available 'from 
present-day aircraft jet engines. Not a single vendor could offer a unit 
suitable for this project. Out of several hundred common filter vendors con- 
tacted, thirty presented an active interest. Most manufacturers were special- 
izing m large industrial installations and were either not prepared, or 
interested, in small high performance units for aircraft application. In 
general, either a mat-type or cyclone separator type of filter action was 
submitted. Most of the installations submitted were external to the jet 
engine. It is desirable to have an internal unit since this does not in- 
crease the engine frontal area. Of the three which could achieve this, one 
has been selected. Proposal No, 1, drawing R-35099, is a design for a com- 
pact internal installation, shown in Figure 15« The unit is located in the 
empty volume between the engine shafting and the rear main bearing support 
assembly. This has in no way altered the external engine geometry. Air is 
bled off at four holes in the inner ring of the center main bearing support, 
but between the supporting struts, A design flow of 2,7li #/sec at 100 psig 
and 7000F is manifolded to a toroidal filter, housing 1$,  Farr Co, Rotonamic 
inertial-type filters. The Rotonamic nominal design condition is 20 CIM per 
tube. This is mainly to minimize the abrasive action of the separated part- 
icles on the cyclone stator blades, tubes, etc,, and have a low pressure drop 
across the filter. However, it can perform satisfactorily at much greater 
flows which increase the intensity of the cyclone action. Hence, the required 
air flow of hß CFM per tube. 

Filter operation is minutely affected by the relative pressure con- 
ditions of the air being filtered. 

As the air enters the filter unit, it is given a spinning motion 
and this swirl converts almost all of the axial velocity into rotation. The 
developed centrifugal forces on the dust particles throw them outward to a 
liner which guides the dust to the dust bleed-off lines. Ten per cent of 
the filter flow is required as scavenge air to carry the dust overboard, 
A study is planned to find a suitable means of conserving this lost air for 
some useful purpose in the engine. Filtering efficiency for 5 micron and 
greater dust particles is more than 97 per cent at maximum flow. 

Pressure drop across this filter has been stated as 6l inches 
water gage (2.2 psig) and future design improvements will decrease this 
value. The successful operation of the rotors is unaffected by altitude or 
gravitational forces imposed while the aircraft ent,::ne is in maneuvering 
flight. 

The rotors are constructed of 16 gage (.062) type 330 stainless 
steel and are not adversely affected by 600oF thermal shock. In fact, the 
design and material construction are expected to withstand temperatures of 
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almost 1000oF, vhich is more than ample for the present engine. A single 
Rotonamic tube assembly is approximately U; ounces. For simplicity, the 
whole installation is seam-welded, as suggested by the vendor. A brazing 
and welding option is given to allow a wider range of applicable fabrica- 
tion techniques. As for durability, these filters have operated over 
20,000 hours on air systems for abrasive particles such as sand and grind- 
ings without measurable erosion to the spinners, tubes, etc. At engine 
tear down, any inspection of the unit should include a check on dust build- 
up in the tubes or bleed-off line. If this happens, the unit can be 
cleaned by compressed air blown through it. 

Operating at design conditions, 2,li5> #/sec of clean air is put 
into the filter exit collecting ring. Four exhaust pipes direct the air to 
the aft annular plenum chamber. This plenum is connected by slots to an 
existing void ahead of the turbine rotor heat shield. Since the cooling air 
is expected to flow through the rotor blade pores at all times, the overall 
total pressure drop is less than the k psia drop across the combustion 
chamber plus turbine stator seal to the disc impeller and up into the cool- 
ing passages of the turbine rotor blades. This impeller also has given 
some evidence of slightly raising the total pressure of the cooling air ty 
centrifugal compressor action. 

Not knowing whether any serious clogging of the pores would occur 
in the porous airfoils, a decision was reached to stop at this point until 
results from actual engine tests indicated a need for such a filtering 
system. 
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II.     FAffilCATION 
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Ho   Fabrication 

A.   Transpiration Cooled Turbine Rotor Blade 

1,    Porous Airfoil 

Prior to coinpleting the design studies of heat transfer and struc- 
ture, procurenent of various porous materials vxas initiated.   Upon receipt of 
these materials tests were conducted to determine permeability variations, 
strength, and formability.    Results of these tests indicated that permeabil- 
ities varied greatly and in most cases were above + 30^ of the specified 
pennsability with the exception of Poroloy, which is a wire wound tube,    Tha 
permeabilities checked on this material was usually within + 20^ depending on 
the angle of wind.    Greater deviations were found to exist in the low porosity 
ranges or when a greater angle of wind was used.    The greater angle of wind is 
when the angle of wire wind is approaching the longitudinal axis of the tube« 
This condition results in a higher strength of the tube in the spanwise direc- 
tion, but with resultant poor permeability control» 

Another factor that presented a problem in the fabrication of the 
porous airfoils is that all porous materials were in sheet form with the 
exception of Poroloy.   This meant that a seam would exist, resulting in an 
area on the blade airfoil of zero porosity.    This could be overcome by having 
this seam aligned with one of the lands on the strut where attachment by braz- 
ing or welding takes places however, this would be very difficult to do and 
would involve special tooling.    In addition, it was not considered a veiy 
promising production approach.   The joining seam could also be placed at the 
trailing edge of the airfoil and not greatly effect blade cooling as the air 
being discharged forward could give sufficient film cooling for limited tem- 
perature operation.    To fully utilize the benefits of transpiration cooling 
it was decided to make the airfoils from Poroloy tubes having a fully porous 
surface on the airfoil with the exception of the areas where the skin is bonded 
to the supporting struts, 

Poroloy tubes of three different permeabilities were procured in 
order to obtain a closer check of porosity deviations, and also to initiate 
preliminaiy forming operations. 

Porosity tests on these three blade permeabilities again indicated 
that permeabilities varied within, + 2Q% with a wire wind of 60° from the axis 
of the tube« 

The material used in these tubes was N-1^5 as previous experience 
had indicated no inherent problems in the forming of blade airfoils from the 
tube.    However, difficulties were encountered not only in the forming of the 
airfoils but also in the sintering of the tubes after winding.    Investigations^ 
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conducted to determine the cause of these difficulties disclosed the fact that 
in the annealing between stages of making the wire tube hydrogen was utilized 
to eliminate oxidation of the materialo    The use of this hydrogen created em- 
brittlement of the wires^ and in the forming of the airfoil, with small radii 
at the trailing edge, cracking of the Poroloy occurred0   Problems occuring in 
the sintering process are believed to be partially attributed to this embrittle- 
msntj but were believed to be chiefly due lack of proper control during the 
sintering phase«    Correction of these difficulties was achieved by going to 
an argon atmosphere when annealing between steps of making the tubes, and 
carefully governing the sintering phaseo 

Another wire material was utilized in making of tubes with somewhat 
better properties than the N-l55>o   This material was Haynes- Stellite 2$ with 
a slightly better oxidation resistance at higher temperature and roughly the 
same strength characteristics«    There appeared to be no difficulties encountered 
in making tubes or forming the airfoils following the same process developed 
for the N-15£ materialo   Some difficulty was encountered in procuring the 
wire in reasonable quantities«    Three sources were found for obtaining wire 
drawn down to «003 inches diameter«   The problem was in drawing the wire to 
this diameter with a specified tensile strength, and in minimum quantities of 
one-pound rollsr    The difficulties were apparently from the lack of quality 
in the wire before it is drawn to these small sizes«    The various initial wire 
sizes were «250, e095> and «063 inches in diajneter«    Previously «25>0 wire dia- 
meter was used in drawing down to «003 inches diameter, but after a few passes 
and annealing, cracking occurred in the furnace»    In order to obtain the proper 
wire size, the specifications were revised to allow quarter-pound rolls to be 
supplied«    Even at that, a high rejection rate existed in drawing of the wire 
to the «003 inch size. 

It was found upon receipt of Poroloy tubes that dimensional toler- 
ances were not per blueprint specifications«    Checking into this matter dLs- 
cldsed that to obtain the specified permeabilities, pressure rolling of the 
wire wound sintered tubes took place, and the resulting expansion in the 
material varied«   The drawings called for the inside diameter, outside dia- 
meter,, and wall thickness of the tube to be held to very close tolerances« 
Due to the varying expansion resulting from rolling to obtain specified per- 
meabilities, only one close dimension could be helde    The manner in which this 
problem was overcome was to slightly taper the tubes,  «016 inches per foot^, 
holding the wall thickness to the specified tolerances«   In this manner a sec- 
tion of the tube is gaged to the required diameters, and the required length 
cut out« 

The method of forming the airfoil is by filling the porous tube with 
beeswax, and placing it between dies having the prescribed airfoil contour« 
These dies are then forced together under pressure to a predetermined point« 
The result is basically the same as would be obtained in a stretch forming 
operation of non-porous metals»   There is very little spring back of airfoil 
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contouTo    In this case the amount of spring bac-k encountered was very small 
and at this time, it was not considered worthwhile to modify the dies«.    Figure 
16 shows the steps in making ths airfoil from the porous tube»   Detail (l) is 
the porous tube into which a cast beeswax cone (2) is inserted«    The next step 
is after tte pressing operation^, and the fourth and final step is after the 
formed tube has been placed in a locating fixture and trimmed to the proper 
length«    Figures 17 through 20 show the dies in the forming operation of the 
airfoilso 

One set of airfoils was made from N-155 porous tubes,, and another 
from Hayms-Stellite 25 porous tabes to determine  their operational character- 
istics o    These airfoils were made to conform with the redesigned first stage 
turbine rotor blades« 

2.    Cast Struts 

Upon completion of the geoiretrlc design of the turbine rotor blade 
for transpiration cooling the material selected for the strut was Haynes= 
Stellite 31^ a casting alloy,,    Heat transfer analysis indicated that this 
material was satisfactory for operation at l800oF turbins inlet temperaturea 
with a very large mir gin of safety „    However,-  due to the request that higher 
temperatures be attained during en^toe tests,, if at all possible during this 
program^ selection of one of tfe recently developed high temperature casting 
alloys was also made«    The material selected was Incc 7130„   On this basis, 
two sets of struts were prccmed?    one set of Haynes-Stellite 31> and the 
other of Inco ??JCo    The reabon for ordering the naynes-^Stellite material was 
that very little was known abc^t ths characteristics of Inco 7130 alloy in 
brazing and welding. 

These struts were made by the conventional investment casting rBthods, 
Figure 21 shows one of the production cast strutsB    Upon receiving these cast 
struts deviations were noted   from    dimensional requirementso    These deviations 
were basically spanwiss brwing of the strut sectiono   This bowing is probably 
due the slendernsss of the strut« and when the wax pattern is transferred^ and 
packed with the investment, some distortion occurs«   As this bcwing was not con- 
sistent;, the only correction that could be exercised was in taking greater pre- 
caution in handllngo    Even with this precaution some bowing still existed^ 
however, the deviation in most cases was minor and it was felt that the struts 
were acceptable. 

3.   Blade Shelf 

Fabrication of the rotor blade shelf was performed by standard sheet 
metal practices«    This involved stamping oat blanks, and then bending the lead- 
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ing and trailing edge flaps over a die«   The final operation consisted of punch- 
ing out the contoured hole which allows the strut to pass through, and provides 
the orifice passages at the root of the blade airfoil«   The material used in 
these shelves is Haynesatellite 25 sheet one-sixteenth of an inch thicko 

There were no difficulties encountered in the fabrication of ttesa 
parts, 

U, Blade Assembler 

The transpiration cooled turbine rotor blade consists of three details 
made up of a porous airfoil, cast strut, and a sheet metal shelf described in 
detail above and shown in Figures 22 and 23« Attachment of these details to 
make a blade assembly is accomplished by brazing« Development of the technique 
and other studies conducted leading to the method adapted to braze the blade 
assemblies ara described in detail in the brazing development section of this 
report. 

The next operation after brazing of the blade assembly is the machin- 
ing of the fir tree on the,blade butt» In this particular design, grinding of 
the fir tiee on both sides of the blade at one time is not possible due to the 
shelf configurationc The shelf design is such that the lower edges of the shelf 
lip are parallel to a tangent line on the disc periphery«, This does not allow 
any clearance angle for the fir tree grinding wheel unless the blade is tipped 
sufficient Hy« 

To grind the fir tree one side of the blade at a time, the blade assem- 
blies are first located, by compartor charts, to reference surfaces and set into 
matrix boxes, also located to the same reference surfaceso When the blade 
assembly and the matrix box are located relative to each other, the void left 
in the matrix box is filled with "Cerrotru", a low melting metal« Figures 2k 
and 2$  show the brazed blade assembly in the matrix box before and after the fir 
tree has been machined» From this point on, the blades are set up in fixtures 
to give the proper machining positions« To grind the fir tree use was made of 
a "Hoglund" dresser tool which reproduces the proper fir tree on the grinding 
wheel from a template« The reason for this grinding method is that greater 
accuracy can be obtained due to the grinding angle necessary to obtain the grind- 
ing wheel clearance and the ability to maintain close tolerances without con- 
tinuous reforming of the grinding wheel« The machine set-up for grinding the 
fir tree is shown on Figure 26» As only one set of blades is fabricated at 
one time, the fir tree of each blade is ground to fit the disc in which it 
will be used« Normally blade fir trees are ground in production quantities and 
then assorted in various "N" sizes to fit deviations on the broached discs« 

After the fir trees are ground to size the blades are assembled into 
the rotor and tip ground to obtain the proper clearance with respect to the 
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rotor shroudo    The leading edge butt faces of the blades roots are also ground 
in the rotor asserribly to obtain a flat contact surface vdth the impeller plate 
to keep cooling air leakage at a mnimmo    Figures 27 and 28 show a completed 
rotor assembly with and without tte cooling air impeller plate« 

B.    Engine Adapting Farts 

1,    Combustion Chanber 

New conibustion chamber linsrs were procured utilizing Haynes-Steinte 
2$ material in order to withstand the nigher combustion chamber operating tem- 
peratureso   These were fabricated in the same manner as production partse    The 
flame tubes to be used in these tests were fabricated of N-155 material^ and 
were aluiidnum dippedo 

2c    Tuibine Blades 

To run at the elevated temperatures without resorting to expensive 
reblading of other stages, the first and second stage stator blades and the 
second sta.qe rotor blade had to be modified to withstand tte stresses at 1800^, 

Analysis of the first stator stage indicated that using the ssjm de- 
sign blade made of Kaynss-Stellite 31 material and alumimm dipped would be 
required to withstand turbine inlet temperature of ISOO^ with a satisfactory 
margin of safety»    One set of these blades was fabricated by standard pro- 
duction methods. 

In order to have a standby for engine operation above the normal 
l6500F temperature5 a set of convection cooled -tator blades was   procured0 
The design of these blades is covered in the design section of this reporto 
The strut, as shown in Figure 29, for this blade was cast of Heynes-5 tell it e 
31 material using the conventional investment casting process with no diffi- 
culties»   The airfoils were formed from tubes made of Inconel Xo    The forming 
process used is the same as the transpiration cooled airfoils^ that is, by 
filling the tubes with beeswax and pressing them between dies with the proper 
airfoil shape.   These blades have a constant airfoil section^ and straight 
line elements with no twist, making it much easier to hold the required toler- 
ances 0   Some spring back was noted, but was very easily corrected due the fact 
that the blades were straight»   Figure 30 shows a formed airfoil for the con- 
vection cooled stator blade. 

The strut and airfoil were bonded together with "Nicrobraze l^O" 
brazing alloy in furnaces with a very low dew point»   Brazing of ttese blades 
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presented no real problems, except that the fit between the airfoil and the 
strut was not perfect and the resulting braze area was approxiinately 70 to 
80 per cent.   Figure 31 shows the brazed cooled stator blade assembly«    On 
this type of blade, where the stresses are quite low, 20 to 30 per cent brazed 
area on the lands is considered more than sufficient* 

The second stage stator blades were modified by welding the canti- 
levered ends of the blades in pairs, as discussed in the design analysis, to 
reinforce the blades making them capable of withstanding the stress loads at 
the elevated operating temperatures. 

Modification of the second stage turbine rotor blades involved the 
procuring of another rotor assembly that is normally used in advanced models 
of the J65 engine which incorporates a new fir tree design of greater strength. 
With this modified second stage rotor disc, it was possible to procure second 
stage turbine rotor blades made of Inco 700 material which is capable of oper- 
ating at the elevated temperature operation of 1800°^ turbine inlet Quite sat- 
isfactorily. 

3«    Cooling Air Ducting 

To provide cooling air to the first stage transpiration cooled 
turbine rotor blades, and also cool the adjacent parts in the turbine and 
exhaust sections, required the fabrication of some new parts and modification 
of several standard engine parts. 

The ducting of the cooling air to the rotor blades involved re- 
working of the inner stator blade support to permit a sufficient amount of 
secondaiy combustion chamber air for the blades.    This involved enlarging 
the metering holes that previously supplied cooling air to the face of the 
first stage turbine rotor disc.   Revision of the heat shield was also neces- 
saiy in order to give sufficient clearance to the impeller plate which ducts 
the air on the face of the disc up to the blades.    Relocation of the heat 
shield involved reworking of the stator and bearing support members, along 
with the fabrication of new adapting rings for retaining the heat shield and 
ducting the cooling air to the face of the rotor disc.    Carrying of the cool- 
ing air up the face of the disc was accomplished by utilizing an impeller 
plate, as previously mentioned.   This plate incorporated a labyrinth seal at 
its inner diameter, as shown on Figure 32, to create an air passage with 
the normal engine labyrinth seal at the rear main bearing.   The impeller plate 
utilized radial vanes on the face toward the disc to permit radial discharge 
of the cooling air to the root of the cooled blade.   The vanes are shown on 
Figures 33 and 3U»    This was done to reduce any tangential components of the 
air stream created in the narrow passage between the plate and the disc, utiliz- 
ing the full effect of the pumping action« 
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To increase the cooling air flow between the first and second stage 
discs the metering hole at the end of the turbine shaft was plugged allowing 
all the thirteenth stage bleed air to be discharged between the two discs. 
To cool the rear face of the second stage rotor disc the inner exhaust duct 
cone was modified so that cooling air was ducted through the supporting strut 
rods«   From there cooling air is piped to a hollow reinforcing section at the 
inner diameter of the  cons section directly behind the rim of the second stage 
turbine rotor disc«    Holes were then drilled through the heat shield directly 
into this hollow chamber«   The discharge of air from these holes is perpendic- 
ular to the rear face of the second stage disc rim« 

U«    Instrumentation 

To obtain temperature me?*^ rvments of the transpiration cooled 
turbine rotor blades, reworking of ti.c blade strut was performed to incorpo- 
rate thermocouples in the base   of the blades«   This involved drilling a hole 
in the strut from the base, to insert a thermocouple into the strut for a 
depth of approximately one inch«   This locates tie thermocouple atf/ot one 
quarter of an inch above the blade shelf.   Drilling of the hole was accom- 
plished by the "Zelox" method as conventional drills would not cut the Haynes- 
Stellite 31 or Inco 713C material. 

To route the thermocouple leads, the turbine rotor disc assembly was 
modified so that tubes could be inserted to span the gap between the two discs, 
so that the leads could be carried down the rear face of the second stage disc« 
In this way the leads could be carried through the engine shafting to slip rings 
mounted on the front main bearing support housing«   Figure 35 shews the installa- 
tion of the instrumented blades in the first stage of the cooled turbine rotor« 

In order to route the instrumentation through the engine    shafting, 
a series of tube assemblies was fabricated to support the leads in the center 
of the shafting so that lead wire damage would not occur on sharp shaft shoulders 
from centrifugal force effects and also make it possible for easier repair and 
maintenance of the wiring»   This involved complete disassembly of the engine s 
and reworking of some engine parts for installation of this wire ducting« 

Fabrication and reworked parts to adapt slip rings and other instru- 
mentation were done by methods normally followed for installations of this type« 

5«   Variable Area Nozzle 

Operating at elevated temperatures of the J65 test engine required 
the use of a variable area exhaust nozzle, as discussed in the design analysis 
section«    Modification of a standard variable area nozzle was necessary for 
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operating at 1800°? turbine inlet teu^rature or any highsr temperature» 
This modification consisted of changing the expanding and contracting ring 
so that a larger nozzle area could be obtained on the engine in order to 
avoid compressor surge at the lower speed points*   This nozzle also had to 
contract more than the standard nozzle so that the higher turbine inlet tem- 
perature could be attained« 

6,   HLscellaneous Fabrication 

Adapting parts for the convection cooled first stage turbine stator 
blades were fabricated*   This basically consisted of adapting rir^s and shrouds« 
With this design of cooled stator blades, the shrouds were punched with holes 
conforming to the airfoil shape, and the brazed assemblies inserted therein 
to form a cooled stator assembly« 
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Blade Assembly In Matrix Bar Figure 2U 
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Fir Tree Machined On Blade In Matrix Box Figure 2$ 
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Machine Set-Up For Grinding Fir Tree Figure 26 
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Cooled Rotor Assembly With Is^eller Plate Figure 2? 
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Cooled Rotor Assembly Without IrapeHer Plate Figure 28 
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Figure 29 Figure 30 
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Impeller Plate (Radial Vanes) 
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Impeller P la te . (Radial Varies Close-Up) Figure 3U 
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m.   Engine Testing 

» 

A. Qaneral 

Testing of the transpirational air cooled turbine assembly, shown in 
Figure 27, consisted of the program listed on Table III.   This testing was di- 
rected toward demonstrating the feasibility of transpiration air cooled turbine 
rotor blades at elevated temperature operation, and collecting data revelant to 
their performance in a full-scale engine« 

Several on-the-stand inspections were made during testing, as noted 
on the test program in Table HI, so that skin temperature readings could be 
recorded from the temperature indicattjig paints (Thermocolor), and also to de- 
tect any incipient failures»   This way an; change in condition developed on the 
blades would probably be detected ir. time and noted so that any relation to an 
engine operation point that may have given rise to any blade change might bo 
determined« 

B. Airfoil Temperatures 

The method used to determine the transpiration turbine blade airfoil 
temperature was l?y using temperature indicating paints (Thermocolor) on the 
trailing edges of the porous airfoil.   The installation of any other type of 
temperature indicating device would have resulted in local clogging of the porous 
airfoil and indicated a false temperature reading, which would be much higher 
than the actual temperature.    By painting only a narrow band along the trailing 
edge where film cooling would occur from the air transpiring forward on the 
porous blade airfoil, a fairly accurate airfoil temperature can be obtained even 
though the porous material is clogged to some extent Iqr the paint« 

The temperatures recorded from the various changes in paint colors at 
the blade inspection periods during testing have indicated that the maximum air- 
foil temperature at the trailing edge was 118^°?.   This temperature was indicated 
after the ISUS0? (average) turbine inlet temperature operation was completed.   As 
there was hardly any noticeable area change in color of the paint indicating that 
this temperature had Just been reached.   In Figure 36 is plotted the observed 
skin temperatures indicated by the temperature Indicating paints« 

C.   Strut Temperatures 

Data obtained from the thermocouples Installed in the transpiration 
cooled turbine blade struts are also plotted in Figure 36.    Eellable 
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readings from these thermocouples are only available for the initial phases of 
the cooled blade testing.   Temperature readings observed at the higher tempera- 
ture points were very erratic and were much lower than those recorded at lower 
turbine inlet ^as temperatures, indicating malfunctioning of the thermocouples. 

In order to estimate the strut temperature at the root of the blade 
for a iSli^P turbine inlet condition the data taken at the lower points was 
correlated with the theoretical design.    From this analysis an estimated strut 
temperature of 7U00F was obtained.   Another temperature reading available that 
indicated the above temperature on the root of the blade strut to be approxi- 
maicly correct is that the temperature indicating paints on ths butt of the 
blade showed that the lower half of the fir tree attachmsnt did not exceed 62li0F» 

D,    HLade Cooling Air 

The cooling air flows to the transpiration cooled turbine blades 
measured during testing up to ISI^F turbine inlet temperature did not exceed 
3.25$ of the engine flow, as shown on Figure 37» 

Initially the cooling air flow through the blades was calculated to 
be in the vicinity of 5 to 6^ metered by the orifices at ths root of the cool- 
ing air passages at the base of the blade.    In this case the actual metering 
occurred on stator support orifices that had been designed to pass a 3 to hf 
cooling air flow if the originally designed higher cooling air flow was not 
necessary.   As it turned out, the 3.2f$ cooling air flow was sufficient with 
results exceeding the anticipated cooling effects calculated.    Cooling air and 
other relative pressures recorded during these tests have been plotted in 
Fxguro 38« 

E,   Engine Performance 

As the basic intent of these tests was to prove the feasibility of 
transpiration cooled turbine blades at high temperature operation, extensive 
instrumentation to measure engine performance was not incorporated into the 
engine test vehicle.   However, sufficient instrumentation was employed to give 
general operating characteristics to compare with data obtained on a basic 
calibration of the standard engine.   Figure 39 shows the plotted data frcm both 
the standard engine calibration and the transpiration cooled turbine engine 
tests« 

One of the things that became very obvious in the initial testing of 
the transpiration cooled turbine blade was that the exhaust gas temperature 
observed was approximately 200^ higher than the standard engine for the same 
FRM^.s,    Investigations and analysis of data, from a previous convection cooled 
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turbine test, with approximately the same amount of bleed used as in the trans- 
piration cooled, test, showed an increase in turbine exhaust temperature of ap- 
proximately TO^F when compared with a standard uncooled engine configuration. ; 
Analysis of the performance data from the transpiration cooled engine config- '■ 
uration showed that there was a loss in mass flow somewhere after the compres- 
sor discharge. Calculations indicate that this loss amounted from 9o0 to 9»5 
lbs/sec at the higher RPM's,, Heavy "breathing" noted at the center main bear- 
ing support indicated the main compressor labyrinth seal was leaking. This 
wa "later confirmed upon the disassembly of the engine after the test. There- 
fort», comparison of the performance characteristics of the standard uncooled 
engine with the transpiration cooled configuration, as shown in Figure 39* is 
nov truly indicative of actual cooled engine performance, A valid comparison 
is shown in Figure 1$, which compares the performance of the transpiration 
air cooled blade configuration and the uncooled blade configuration with the 
same leakage conditions. Comparison of this test data indicates that the 
transpiration air cooled configuration ran approximately 50oF higher in ex- 
haust gas temperatures. Consideration must be given to the fact that in the 
cooled configuration the turbine rotor tip clearances were much higher (.IMy) 
to allow for higher operating temperatures so that any thermal distortion of 
the turbine casings, at these elevated temperature conditions, would not 
affect the mechanical performance of the cooled rotor stage.  Even though 
it is conservatively assumed that the 50CF increase in exhaust temperature 
(see Figure UO) is directly attributed to the loss in turbine efficiency 
caused by the effusion of cooling air into the gas passage, it is clear that 
the increases in operating gas temperature afforded through the use of trans- 
piration cooled blades will result in substantial increases in thrust, and 
that any reduction in turbine performance will be negligible. 

A 

F, Transpiration Cooled Turbine Performance 

As mentioned in the design section of this report, the airfoils of 
the transpiration cooled turbine blade were modified to incorporate the porous 
airfoils formed from porous tubing without requiring a seam on some part of 
the airfoil, so that a completely porous airfoil surface could be tested. 
The modification of reducing the chord length at the airfoil tip, changes 
the vector diagram of velocities on the blade, and redistributes the radial 
pressures along the blade, thus reducing the efficiency of this stage slightly. 
As mentioned above, another factor that tended to reduce the overall turbine 
efficiency was that higher than normal rotor blade tip clearances (,11G,,) 
were used. 
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Q, KLade and Engine Test Discussion 

Two complete sets of rotor assemblies with transpiration air cooled 
blades were fabricated* Since each assembly consisted of 110 blades, 220 
blades, plus a few spares, were fabricated for the test program. In order 
to derive the maximum amount of data or. materials of construction, four basic 
types of blades were fabricated to make up the two rotor assemblies t 

7 '' 
Type I H,S.-31 Struts, H,S,-25 Shelves, H.S.-25 Airfoils 
Type II H,S.-31 Struts, H,S.-25 Shelves, N-lSff Airfoila 
Type IH Inconel 7130 Struts, H,S#-2^ Shelves, H#S,-25 Airfoil» 
Type IV Inconel 713C Struts, H.S,-25 Shelves, N-155 Airfoila 

The first rotor was assembled with Type I and Type II blades» In 
the engine test of the initial assembly, It was noticed that engine light-up 
was difficult to achieve, and excessive torching of hot gases in the tail 
pipe persisted for very long periods on the order of 120 seconds. After 
reaching $7% of rated RFM, an Inspection of the cooled rotor blades was made* 
This inspection revealed the airfoil skins of the cooled rotor stage were 
damaged* This condition was not unexpected, since approximately twelve hot 
starts were made which resulted in extremely high turbine temperatures* 
Measurements made at the outer turbine support indicated at this point, gas 
temperatures in excess of 2300^ were experlencecU The visual inspection of 
the blades showed three or four of the airfoil skins separated from their 
struts* In addition, the skins of remaining blades were blackened and ap- 
peared brittle in the tip region* None of the struts were damaged* As can 
be seen by the photos shown in Figures bl and U29 the secondary damage to the 
cooled rotor stage was rather extensive. Total engine time accumulated on 
this rotor before damage was approximately 1 hour and 1*0 minutes* It is con- 
sidered significant that no other damage to the engine resulted from this data* 
It is logical to conclude that loss in turbine performance, as shown by the 
5)0oF rise in exhaust gas temperature, is negligible from this failure« 

In order to correct the engine starting difficulties and the ex- 
cessive torching condition, the damaged rotor was removed and tests were con- 
ducted on the engine using solid uncooled rotor blades* Two items became 
immediately apparent: the main fuel control of the engine was malfunctioning 
because of a faulty fuel pressure spring, and there was a loss in turbine air 
flow through a leak in the labyrinth seal* After correcting the fuel control 
problem and calibrating the engine again to account for the loss of turbine 
airfoil, testing of the second cooled rotor assembly was initiated* ' 

i      ' - 

The second cooled rotor was assembled with Type IH and Type 17 
transpiration cooled blades* 
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Inspection of the cooled blade assembly was made after the idle point, 
$7% RPM, and 63% RPM.    The condition of the blades after the idle and 57% RPM 
test point revealed the condition of the blades was excellent, and thore was 
no noticeable discoloration of the porous material.    After the 63% RIM teast 
point, it was found that two porous airfoils had separated from the blade strut 
and caused some secondary damage to the other cooled blades.   This secondary 
damage occurred on the trailing edge tips of the cooled blades.    The other 
areas of the blade airfoil were in excellent condition.   Figures h3 and hh show 
the transpiration cooled turbine rotor assembly after this test and the condi- 
tion of the blades.    Several of these blades were still in good condition, and 
several that had received secondary cfemage at the tip trailing edge were re- 
paired by cutting back the damaged area and blending.   Although these repaired 
blades would affect engine performance the feasibility of transpiration cooled 
blades at elevated temperatures could still be evaluated.   Replacement of the 
few damaged blades was made and testing continued. 

The next series of tests were uneventful and a stepped program up 
to 1816°? inlet temperature was completed.   After having run approximately 
twenty minutes at this temperature a slight increase in vibration amplitude 
of three to four mils on the turbine flange was noted, indicating unbalance 
developing in the turbine section.    Inspection of rotor revealed that one of 
the porous airfoils had separated from a blade strut.    In this case secondary 
damage was quite restricted as can be seen in Figure 1£.   Excellent data was 
obtained from the cooled blades after this test in regard to blade tempera- 
tures presented earlier. 

Replacement of the failed blade was made, and testing continued in 
which the turbine inlet temperature was increased to 181£0F. 

Shortly after taking a reading, when two hours of endurance had 
been completed, turbine flange vibration amplitudes increased 2 to 3 mils. 
A test stand inspection of the blades again revealed that another blade air- 
foil had separated from the blade strut.    Figures k6 and li? show the rotor 
assembly and the strut from which the porous airfoil came off along with the 
resulting secondary damage.    The remaining transpiration cooled turbine 
blades were in very good condition.    Figures Ii7a and Itfb show blades that 
were tested in the engine through the entire high temperature operation. 

Inspection of the completely disassembled engine after the final 
test on these transpiration cooled turbine blades revealed that the other 
critical components in the combustion chamber, turbine section, and exhaust 
ductwork were in good condition after the high temperature testing.    Some 
buckling occurred in the exhaust ducts but was not of any great consequence. 
The combustion chamber liners were in excellent condition after operating at 
an average inlet temperature of l81i50F, alory* with known uneven temperature 
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distribution detected by thermocouples in the exhaust duct and Jet pipe. 
When the average exhaust gas teirperature of lli02oF was recorded, indicating 
an average turbine inlet temperature of löl^^, the peak exhaust gas tem- 
peratures from individual thermocouples recorded were as high as IJ??!?0?, 
This rasant that turbine inlet gas temperature peaks were above 2000°? in 
some areas.   The cause for this may be in the fuel distributors which were 
operating over their normal range.   The only change noted in the combustion 
chamber after 18 hours and 1^3 minutes of testing, of which approximately 
two and one-half hours was at 1800°? to l81i50F, there was more than the 
norröl amount of carbon deposit on the combustion chamber flame tubes as 
shown on Figures 1*8 and k9* 

Another effect of the high temperature turbine inlet operation was 
noted on the first stage turbine stator blades.    The aluminum coating on the 
cast Haynes-Stellite 31 blades had started to peel in some areas, but this 
did not seem to adversely affect the base material« 

Inspection of the labyrinth seal, upon disassembly of the engine, 
showed that this part was not properly seated in the last major disassembly 
and that a large passage was created allowing a high leakage shortly after 
the discharge of the compressor.   Calculations made to determine the leak- 
age indicated that it was possible for a flow of approximately 10 lbs/sec 
to pass through.   This ties in quite closely with the calculations made of 
the loss in turbine mass flow of 9,0 to 9*5 lbs/sec. 
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H.   Description of Engine 

The engine used in this test was a J65>-WUB reworked as follows r 

1. Installation of transpiration air cooled blades in final 
stage rotor« 

2. Holes for cooling air to the first stage transpiration 
cooled rotor blades in the inner stator blade support» 

3»    Plugged metering air hole at the aft end of turbine shaft. 
U.    Provision for cooling air at periphery of rear face of 

second stage disc by modifying exhaust duct cone for an 
external air supply. 

5»   First stage standard stator blades replaced with Haynes- 
Stellite 31 stator blades aluminum dipped« 

6. Second stage stator blades welded together in pairs at 
the inner periphery tc form continuous frame box struc- 
tures, with increased clearances between pairs of stato'rs, 

7. Substitution of second stage turbine rotor blades of 
Inco 700 with strengthened fir tree attachment. 

8. Substitution of second stage turbine rotor disc with 
new fir tree design. 

9. Substitution of Haynes-Stelllte 2$ combustion chamber 
with aluminum dipped N~15>i? flame tubes, 

10. Variable area exhaust nozzle« 
11. Increased turbine rotor blade tip clearance. 

I«   Description of Instrumentation 

The following instrumentation was installed for measurement of blade 
temperatures and basic engine performances 

1. "Cerarao" thermocouples inserted in cooled blade strut 
to one-quarter inch above blade shelf. 

2. Temperature indicating paints (Thermocolor) applied to 
housings and liners in combustion chamber, turbine rotor 
discs, turbine blades, and exhaust ducting. 

3. Four thermoccuples at the exit of the combustion chamber 
on the inner liner. 

U.   Four thermocouples in the exhaust cone. 
5. Four thermocouples in the jet pipe. 
6. Total pressure probe in the exhaust cone. 
7. Static pressure tap in the exhaust cone. 
8. Three thermocouples at the inner stator support cooling 

air orifices. 
9. Six static pressure taps, three on each side, of the 

inner stator support cooling air orifices. 
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10«   Three thermocouples on the metering bellmouth screen« 
ll»   One thermocouple at the compressor exit, 
12«   Total pressure probe at the conpressor exit* 
13«   Six static pressure taps in the calibrated bellmouth« 
1U«   Vibration pickupj two each at the front main beariog 

support, turbine flange, and one at the center main 
bearing support» 

15«   Slip ring assembly and thermocouples lead ducting 
through the engine shafting« 

16«   Standard pressure and temperature instrumentation 
for fuel flow, oil, and bearings« 

17«   Cooling air to the slip-ring assembly« 
18»   Plenum chamber pressure tap and temperature« 
19*   Standard engine equipment for measurement of speed, 

thrust, and controls« 

J«   Test Installation 

The engine was mounted on the standard outside test stand at Quohanna, 
Pennsylvania.   Actual mounting consisted of attaching the engine to the flat bed 
of a trailer then securing the trailer to a floating bed which contained the 
thrust load measuring equipment» 

Cooling air to the rear face of the second stage disc was supplied by 
a 600 CfM Schramm portable conpressor» 

A mechanically driven variable area nozzle was used to obtain the de- 
sired value of exhaust gas temperature by "sizing" the nozzle.   The engine was 
started and accelerated to the desired speed before closing the nozzle to in- 
crease the turbine inlet temperature»   The nozzle was also opened before de- 
celerating fTca the speed point» 
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Table in 

Transpiration Cooled Turbine Blade Engine Test Progran 

Type Test 

1«   Calibration 

Condltlone     Remarks 

Standard 

2*   Transpiration Cooled Turbine   a« Starting   High exhaust gas temperatures en- 
countered resulted in several 
attempted starts with excessive 
flaming at exhaust« • 

b. UOOO RFM   Hot start 
c# 5000 RPM 
d, 6000 RPM 
e. 6^00 RPM   Vibration erratic.   Inspected 

blades on stand. Removed engine 
from stand for closer inspection 
of damaged blades. 

3«   Starting Tests a. Starting   Hot starts initially encountered. 
Corrected by modifying fuel con- 
trol to manual at start, and us- 
ing larger exhaust nozzle« 

b. 7000 RFM   Found exhaust gas temperatures 
higher than expected for 3£ 
(approx.) cooling airbleed. 

c. 7500 RFM 
d. 7660 RPM   Maximum allowable temperature of 

1200°? of exhaust gas with stand- 
ard nozzle. 

Transpiration Cooled Turbine   a. UOOO RFM   Normal cool start.   Inspected 
blades on stand. Excellent con- 
dition. 

b. 6000 RFM 
c. 6^00 RFM 
d. 7000 RFM   Inspected blades on stand. 

Excellent condition. 
e. 7f?00 RFM   Inspected blades on stand. 

Found failure of some cooled rotor 
blade airfoils.   Removed rotor 
from engine to replace and repair 
blades. 

in 
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Table HI (Cont'd.) 

Transpiration Cooled Turbine Blade Engine Test Program 

Type Test 

$0   Transpiration Cooled Turbine 

6, Transpiration Cooled Turbine 

V 

c, 7800 RPM 

Conditions  Remarks 

a. liOOO RPM Normal cool start, 
b. 7800 RPM Set limit o,f 12000F E.O.T, for 

RPM setting. Inspected blades on 
stand. In good condition« 
Closed variable area nozzle to get 
12fjO®F EOT 

d. 7800 RPM Closed V^.N.'to get 1300°? E.Q.T. 
e. 7800 RPM Closed V.A.N. to get 13$<y>F   E#Q#T, 
f. 7800 RPM Closed V,A,N, to get HiOOop E#Q,T# 

Slight increase (3 to ii mils) of 
vibration noted after 20 minutes of 
running at this point. Stopped 
engine. Normal rundown. Inspected 
blades on stand. Found primary 
failure of one airfoil skin. Re- 
moved rotor from engine to replace 
blade and repair seconiary damage 
to other blades« 

a. liOOO RFM Slightly hot start, 
b. 7800 RPM Turbine inlet temperature - 162$°?. 
c. 7800 RPM Close V.A,N, to get T.I.T,- 1725PF. 
d. 7800 RPM Close V.A,N, to get T,I.T.- 1800^« 

Ran for 2 hours at this point« 
Shortly after taking reading after 
2 hours of endurance a slight in- 
crease in vibration (2-3 mils) at 
turbine vas noted. Shut down and 
inspected blades on stand. Found < 
one cooled airfoil had separated 
from strut« End of test« 

Total testing time: 18 hours and h3 minutes 
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TRANSPIRATION COOLED TURBINE BLADES 

Gas and Blade Temperatures 
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TRANSPIRATION COOLED TURBDffi BLADES 
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TRANSPIRATION COOLED TURBINE BLADES 
Pressures and Temperatures 
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TRANSPIRATION COOLED TURBINE BLADES 
Engine Performance 
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TRANSPIRATION C00L3D TURBINE BLADES 
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Overall View Of The In i t i a l ly Tested Transpiration 
Cooled Turbine Rotor On Which Torching Occurred Figure ljl 
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Close-JJp Side View Of The Initially Tested Cooled Turbine Rotor 
Shoving Primary Airfoil Failures And Secondary Damage 

Figure Ij2 
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Overall View Of The Cooled Turbine Rotor After The 
Second Test With Primary Failure Of Two Airfoils 

Figure U3 
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Close-Up Of The Cooled Turbine Rotor After The Second Test Showing 
The Secondary Dar-^ge Resulting Frora The Two Prinary Airfoil Failure« 

Figure lib 
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Overall View Of The Cooled Turbine Rotor After Twenty Minutes 
Of Running At iBOO^ (+) Showing The Secondary Damage 

Resulting From The Primary Failure Of One Airfoil 

Figure h$ 
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Overall View Of The Cooled Turbine Rotor 
After Two Hours Of Running At 1800°? (♦) Figure 16 
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Close-Up Of The Cooled Turbine Rotor After Two Hours Of 
RunnLig At 1800°? (+) Showing The Secondary Damage 

Resulting From Primary Failure Of One Airfoil 

Figure U? 
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Figure  li7a 

Photograph of a turbine blade which has been engine tested 
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Blade No. 75 Blade No. 85 

Figure l^Tb 

Photograph of engine run turbine blades Noa. 75 and 85« The blades are 
still in good condition in spite of secoodary damage on the trailing edge» 
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Flan» Tubes - Carbon Build-Up - 3 01 clock Position Figure U8 
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Flme Tubt/8 - Carbon Build-up - 11 01 clock Position Figure U9 
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